H]-transverse relaxation-optimized spectroscopy (TROSY) (3-5) of scalar couplings across the Watson-Crick base pairs in isotope-labeled DNA, which affords direct observation of the hydrogen bonds in these structures. Scalar couplings across hydrogen bonds have been previously reported for organicsynthetic compounds (6, 7), RNA fragments (8), and a metalloprotein (9, 10). The variability of such couplings observed so far indicates that they may become sensitive new parameters for detection of hydrogen bond formation and associated subtle conformational changes. Furthermore, in conjunction with quantum-chemical calculations, precise measurements of scalar couplings across hydrogen bonds can be expected to provide novel insights into the nature of hydrogen bonds in chemicals and in biological macromolecules.
1
H]-transverse relaxation-optimized spectroscopy (TROSY) (3) (4) (5) of scalar couplings across the Watson-Crick base pairs in isotope-labeled DNA, which affords direct observation of the hydrogen bonds in these structures. Scalar couplings across hydrogen bonds have been previously reported for organicsynthetic compounds (6, 7) , RNA fragments (8) , and a metalloprotein (9, 10) . The variability of such couplings observed so far indicates that they may become sensitive new parameters for detection of hydrogen bond formation and associated subtle conformational changes. Furthermore, in conjunction with quantum-chemical calculations, precise measurements of scalar couplings across hydrogen bonds can be expected to provide novel insights into the nature of hydrogen bonds in chemicals and in biological macromolecules.
MATERIALS AND METHODS
Fully and partially 13 C, 15 N-doubly labeled DNA oligomers were synthesized on a DNA synthesizer (Applied Biosystems model 392-28) by the solid-phase phosphoroamidite method, by using isotope-labeled monomer units that had been synthesized according to a previously described strategy (11) . Approximately 1 mol of oligomer was obtained from 5 mol of nucleoside bound to the resin. NMR samples of the DNA duplex at a concentration of Ϸ2 mM were prepared in 90% H 2 H bond length, the solid-state NMR value of 0.11 nm for G and T in a hydrated DNA duplex (19) was used. Relaxation of the imino proton due to dipole-dipole (DD) coupling with remote protons in the DNA duplex was represented as follows (2) : in the Watson-Crick AAT pair by an adenosine amino proton at a distance of 0.24 nm and the adenosine C2 proton at 0.3 nm; in G'C by a guanosine amino proton at 0.22 nm and a cytosine amino proton at 0.25 nm. For both base pairs, two imino protons in sequentially stacked bases at 0.4 nm also were considered. Following the calculations outlined in refs. 3-5, the use of TROSY at a polarizing magnetic field B o ϭ 17.6 T is expected to yield 65% and 30% reductions of the 15 
RESULTS AND DISCUSSION
The theoretical considerations presented in the preceding section predict that compared with the corresponding conventional NMR experiments, [ 15 N, (Fig. 1D Upper) . Similarly, T 21 shows doublet and singlet fine structures, respectively, in the two differently labeled duplexes (Fig. 1C) , confirming that the splitting observed in the uniformly labeled duplex is due to 15 Fig. 1 C and D) , precise values for h J NN were obtained by inverse Fourier transformation of the in-phase multiplets (22) . Table 1 shows that there are sizeable variations in the h J NN couplings among the AAT base pairs, e.g., T 10 and T 16 ( Fig. 1C) , as well as among the G'C base pairs (Fig. 1D) , which probably reflect local differences in Watson-Crick base pairing geometry and͞or dynamic processes such as fraying of the chain ends.
The new 2D The coupling constants h J NN appear to be smaller for G'C than for AAT base pairs ( Fig. 1 C and D) , which possibly reflects the longer 15 NO 15 N distance in G'C when compared with AAT base pairs (1, 8) . In principle, the h J NN values could be estimated from the ratio of the direct and relayed crosspeak volumes (Fig. 1) (Fig. 2) , so that it is preferable to use inverse Fourier transformation of the in-phase peaks in 2D [ 15 N, (Fig. 3) 15 N, and 13 C, narrow and wide bars stand for nonselective 90°and 180°radio frequency pulses, respectively, with the carrier frequencies at 12, 190 , and 145 ppm, respectively. The delays are 1 ϭ 2.7 ms, 2 ϭ 18 ms, and 3 ϭ 2 Ϫ 1. The line marked PFG indicates the pulsed magnetic field gradients applied along the z axis: G1, amplitude 30 G͞cm, duration 1 ms; G2, 42 G͞cm, 1 ms; G3, 45 G͞cm, 1 ms; G4, 40 G͞cm, 1 ms; and G5, 48 G͞cm, 1 ms. Two data sets, I and II, are measured in the interleaved manner with the following phase cycling schemes: (I), 1 ϭ {Ϫx, x}; 2 ϭ {2(Ϫx),2x}; 1 ϭ {4y,4(Ϫy)}; 2(receiver) ϭ {y,Ϫy,Ϫy, y,Ϫy, y,y,Ϫy}; (II), 1 ϭ {Ϫy, y}; 2 ϭ {2(Ϫy),2y}; 1 ϭ {4(Ϫx),4x}; 2(receiver) ϭ {Ϫx, x,x,Ϫx, x,Ϫx,Ϫx, x}; x on all other pulses. For both data sets, quadrature detection in the t1 dimension is obtained by using States-TPPI (38) by simultaneously incrementing each of the phases 2 and 2 by 90°. The transfer of 15 N magnetization to 1 H for detection of single transitionto-single transition polarization transfer (5) was used. Fourier transformation of the sum and difference of the two data sets results in two 2D h JNN-correlation-[ 15 N, 1 H]-TROSY spectra in which the relative cross-peak positions are determined in E.COSY manner by the chemical shifts and the scalar-coupling constants (27) (28) (29) (30) . For example, both the direct and the relayed correlation cross-peaks that appear in the two spectra are shifted by 1 JHN along 2( 1 H). Along 1( 15 N), the direct peaks also are shifted by 1 JHN, but the separation of the relayed cross-peaks is determined exclusively by h JHN. To enhance the signals of rapidly exchanging imino protons, water saturation is minimized by keeping the water magnetization along ϩz during the entire experiment, using the water-selective 90°pulses indicated by curved shapes on the line 1 H. (33) (34) (35) . It has been suggested that the Fermi-contact term, which usually dominates scalar couplings through covalent bonds (32) , is also effective for scalar couplings through hydrogen bonds (36, 37) . Since both the donor imino group and the acceptor nitrogen are embedded in -conjugated systems, -bond polarization upon ''cyclic'' hydrogen bond formation could give rise to -cooperativity and thus enhance the hydrogen bond stability and the covalent character of the hydrogen bonds (1). In fact, this view seems to be supported by measurements of scalar h J HH couplings of 1-2 Hz between hydroxyl and formyl protons in O-H. . . OACH moieties attached to -conjugated 1,6-dioxapyrene derivatives, where the h J HH couplings could only be observed in the presence of a substituent that donates additional -bond polarization (6). (Fig. 1 A) on a Bruker DRX-750 spectrometer, using the experimental scheme of Fig. 2. (A and B) Contour plots with signals from G'C base pairs and AAT base pairs, respectively. To facilitate comparison, one spectrum was shifted relative to the other by Ϸ90 Hz along 2( 1 H), so that corresponding peaks overlap along this dimension. The relayed crosspeaks from each of the two spectra are represented by two contour lines. For selected base pairs, superpositions of cross sections along 1( 15 N) taken through the original, unshifted peaks are shown above and below the two panels, where the two peaks to be compared have been normalized to the same intensity. The shift between the two peaks provides an E.COSY-type representation of h JHN (see text). 6.5 Ϯ 0.1 3.7 Ϯ 0.3 T 25 7.0 Ϯ 0.1 2.7 Ϯ 0.2 T 26 6.9 Ϯ 0.1 2.7 Ϯ 0.1 T 27 7.0 Ϯ 0.1 1.8 Ϯ 0.2 G 5 6.0 Ϯ 0.1 2.8 Ϯ 0.3 G 12 6.3 Ϯ 0.1 2.4 Ϯ 0.5 G 22 6.5 Ϯ 0.1 2.9 Ϯ 0.6 G 23 6.4 Ϯ 0.1 3.6 Ϯ 0.5
